ABSTRACT: Premature infants are at risk for lower airway obstruction; however, maturation of reflex pathways regulating lower airway patency is inadequately studied. We hypothesized that postnatal maturation causes developmental change in brainstem efferent airway-related vagal preganglionic neurons (AVPNs) within the rostral nucleus ambiguus (rNA) that project to the airways and in pulmonary afferent fibers that terminate in the nucleus tractus solitarius (NTS). Ferrets aged 7, 14, 21, and 42 d received intrapulmonary injection of cholera toxin (CT)-␤ subunit, a transganglionic retrograde tracer. Five days later, their brainstem was processed for dual immunolabeling of CT-␤ and the cholinergic marker, choline acetyl transferase. CT-␤-labeled AVPNs and CT-␤-labeled afferent fiber optical density (OD) were analyzed. There was a significantly higher CT-␤-labeled cell number within the rNA at the youngest compared with older ages. All efferent CT-␤-labeled cells expressed choline acetyl transferase. OD of CT-␤-labeled afferent fibers was also higher at 7 d compared with 14 d. We conclude that the number of efferent AVPNs and afferent fiber OD both diminish over the second postnatal week. We speculate that exposure to injurious agents in early postnatal life may inhibit natural remodeling and thereby enhance later vulnerability to airway hyperreactivity. (Pediatr Res 65: 509-513, 2009) 
A natomical studies in human premature infants and various animal models have demonstrated a well-developed and well-innervated airway smooth muscle layer in late fetal and early postnatal life (1) (2) (3) (4) (5) . In combination with the small caliber intrapulmonary airways that are present during early development, this may predispose premature infants to airway obstruction and impaired ventilation. Furthermore, the risk of airway hyperreactivity and need for asthma medication in former premature infants when compared with their term counterparts is increased over 2-to 3-fold, respectively (6 -9) . Nonetheless, maturational change in reflex pathways regulating control of lower airway patency during early development has not been adequately studied.
Cholinergic outflow to the airways depends on sensory input received from the lungs, which modulates airway-related vagal preganglionic neurons (AVPNs) in the brainstem (10 -15) . Efferent neural output from AVPNs located in the rostral nucleus ambiguus (rNA) is modulated by afferent input to the nucleus tractus solitarius (NTS) from lung afferents such as slowly adapting stretch receptors, C-fibers, and rapidly adapting receptors (10,12,16 -18) . However, there is limited information on physiologic and developmental changes in maturation of airway reflex responses from lung afferents to airway smooth muscle. Previous studies have focused on C-fiber influences on ventilatory muscle responses rather than airway regulation (19 -21) . Haxhiu-Poskurica et al. (22) characterized 2-to 10-wk-old piglets' responses to C-fiber stimulation and the resultant changes in tracheal smooth muscle tone; they documented immaturity of reflex responses of airway smooth muscle tone during early postnatal life when compared with reflex pathways regulating ventilatory responses. These results supported earlier studies demonstrating a diminished hypoxiainduced increase in airway smooth muscle tone in newborn dogs (23) , but it is unclear from these physiologic studies whether airway reflex pathways are anatomically intact at an early postnatal age.
Ferrets have proven to be a useful animal model of human viral disease affecting the respiratory system (24, 25) . Furthermore, similarities between human and ferret development of cholinergic neurons and airway smooth muscle innervation have suggested that this species is a favorable model for studying human respiratory neuronal reflex pathways (13, 17, 26) . In a previous study done in our laboratory (27) , the chemical profile of vagal preganglionic motor cells projecting to the airways was characterized in adult ferrets. AVPNs found within the rNA were shown to be cholinergic in nature and their stimulation resulted in a release of acetylcholine leading to contraction of airway smooth muscle. However, it is not known whether these cholinergic traits are expressed at an early postnatal age. Therefore, we sought to test the hypothesis that early postnatal maturation is associated with developmental change in both the density of afferent fibers reaching the NTS and the number of efferent AVPNs within the rNA, which project to the airways.
METHODS
Animal preparation. Studies were performed in healthy European ferret pups, Mustella putorius furo (Marshall Farm, NY) weighing between 38 and 190 g. All experiments were conducted in accordance with protocols ap-proved by the Institutional Animal Care and Use Committee of Case Western Reserve University. Ferret pups were housed with the mother on a regular day/night cycle (lights on from 06:00 to 18:00 h) at 24°C and 55% relative humidity.
To determine developmental changes of the central sensory and motor innervation of the airways, four groups of ferret pups were injected with 50-L cholera toxin (CT)-␤ subunit (List Biological Laboratories, Inc., Campbell, CA), a transganglionic retrograde tracer, dissolved in distilled water (1 mg/mL). Injections were performed on postnatal days 7 (n ϭ 8), 14 (n ϭ 4), 21 (n ϭ 4), and 42 (n ϭ 3) into the upper lobe of the right lung (12, 27, 28) . After the procedure, ferret pups were returned to their mothers and were monitored for any complications. Five days after the CT-␤ injections, animals were deeply anesthetized with ketamine and xylazine (50 mg/kg and 10 mg/kg, respectively; intraperitoneal), perfused with saline followed by 4% paraformaldehyde made in 0.1 M phosphate buffer (pH 7.4). Brains were removed, postfixed in the same fixative for 2 d, and then transferred to 30% sucrose in 0.1 M phosphate buffer for cryoprotection. Transverse sections of the brainstem were sliced at 40 m using a Cryostat (Leica CM1850, Leica Microsystems, Heidelberger, Strasse) and stored in 0.2% sodium azide in 0.1 M phosphate buffer. In a second set of experiments following an identical protocol, eight 7-d-old animals were injected with 25 L of CT-␤ into the upper lobe of the right lung, to evaluate the effect of a lower CT-␤ volume on labeled brain cells at the younger age.
Immunohistochemistry. The immunohistochemical procedures for dual staining of tissue sections for visualization of CT-␤-labeled AVPNs have been reported in our previous study (27) . Briefly, free floating 1-in-5 series tissue sections were washed in phosphate buffer saline (PBS, pH 7.4) three times for 10 min each followed by incubation in PBS containing 0.3% hydrogen peroxide for 30 min to block endogenous peroxidase activity. Sections were washed in PBS and then incubated two times for 10 min each in 0.3% Triton-X in PBS. Tissues were then placed into a blocking medium containing 1% albumin bovine serum (Sigma Chemical Co., St. Louis, MO) for 30min. Sections were incubated for 24 h at 4°C in goat polyclonal anticholine acetyltransferase (ChAT, Chemicon International, Temecula, CA; 1:500) (27) . Sections were washed in 0.3% Triton-X in PBS and incubated for 2 h in a 1:200 solution of donkey anti-goat IgG conjugated with Alexa Fluor 594 (Texas Red, Molecular Probes, Eugene, OR). The sections were then washed in 0.3% Triton-X in PBS three times; each for 10 min. Sequential immunofluorescent detection of CT-␤ was performed after the ChAT labeling protocol was completed. The sections were incubated in a 1:20,000 dilution of rabbit polyclonal anti-CT-␤ (Accurate Chemical and Scientific Corporation, Westbury, NY) for 36 h. Sections were washed in 0.3% Triton-X in PBS and incubated for 2 h in a 1:200 solution of donkey anti-rabbit IgG conjugated with fluorescein (Jackson Immunoresearch Laboratories, Inc., West Grove, PA). In control experiments for ChAT and CT-␤ labeling, primary antibodies were omitted. Sections were then rinsed in PBS three times for 10 min each, mounted on Superfrost/Plus microscope slides and cover-slipped using Vecta Shield (Vector Laboratories Inc., Burlingame, CA).
Data analysis. One in five sections were carefully selected from 0.0, 1.0, 1.5, 2.0, and 3.5 mm rostral to the obex as defined previously by our group (12) . The obex was considered as a zero point. For consistency, the sections from the all the groups were selected and analyzed by the same individual. Slides were viewed with a fluorescent microscope (Leica DMLB, Leica Microsystems, Heidelberger, Strasse). Colocalization of ChAT and CT-␤ protein was identified by alternating between fluorescent filters. Images were acquired from the same area of the section for both traits, digitized, and stored as TIFF files for data analysis. Data are expressed as mean Ϯ SEM at each age. Statistical comparisons for CT-␤-labeled AVPNs between age groups were made by using one-way ANOVA (Student-Neuman-Keuls; significance at p Յ 0.05).
To determine the CT-␤-labeled afferent nerve terminals in the NTS at different levels from the obex, we used the same animals and brainstem slices from 7-and 14-d-old animals that were used in the previous experiment, where animals were injected with 50 L of CT-␤ into the right lung. Confocal images (Leica DMIRE2, Leica Microsystems, Heidelberger, Strasse) were taken at 4-m intervals to avoid double counting and optical stacks of images (Z-sectioning) were acquired from the same section, digitized, and stored as TIFF files. To standardize and unbias the data analysis, gain, and offset were kept at the same level for all age groups. The density of CT-␤-labeled axon terminals ending in the NTS region was also counted and the total optical density (OD) per unit volume per level was collated using NIH ImageJ software. Images were analyzed keeping the same threshold parameter for all age groups and the investigator who analyzed the images was blinded to the animals' age.
RESULTS
We initially quantified cells labeled for CT-␤ only at each age group to characterize neuroanatomic connections between the lungs and cell bodies within the brainstem. In sections selected from 0.0, 1.0, 1.5, 2.0, and 3.5 mm rostral to the obex, retrogradely labeled CT-␤ cell bodies were located in the dorsal motor nucleus of the vagus and in the rNA. In this study, we focused on the rNA because this is the major site controlling neural output to airways. CT-␤-labeled cells within the rNA were found both in the compact and loose portion of the rNA, which lies just below the compact portion. The mean number of CT-␤-labeled cells combined for all levels was significantly higher (p Ͻ (Fig. 1) . Although sample sizes were small in the older age groups, the assumption of normality of data within groups was met, and hence we used one-way ANOVA for the analysis. There was no statistical significance in the CT-␤-labeled cell counts between the older age groups.
As a significant decline in CT-␤-labeled cell bodies occurred between 7 and 14 postnatal days, and the weight of ferret pups approximately doubled from 7 to 14 d, one half (25 L) of the original CT-␤ dose (50 L) was injected into the right lung in eight additional 7-d-old ferret pups. This was done to confirm that the increased cell count at the rNA region in the 7-d-old group was not due to a higher CT-␤ dose per body weight. There were no statistical differences (p ϭ 0.16) between the 7-d-old ferret group injected with 50 L (125 Ϯ 10, n ϭ 8) and the 7-d-old ferret group injected with 25 L (101 Ϯ 6, n ϭ 8). Furthermore, the number of CT-␤-labeled cells in the 7-d-old ferret groups injected with 25 L was significantly higher (p Ͻ 0.05) than the number of cells in the older groups injected with 50 L.
To determine the neuraxis level that expressed most cells that projected to the airways, CT-␤-labeled cells were counted at different levels (0.0, 1.0, 1.5, 2.0, and 3.5 mm) from the obex in all the animals. The 7-d-old group showed a consistent trend toward more cells at each neuraxis level (Fig. 2) . Overall, for all groups, the rNA region at 3.5 mm rostral to the obex showed the densest projection to the airways (Fig. 2) . We subsequently quantified the number of CT-␤-labeled cells that were double labeled with ChAT, a cholinergic marker and enzyme that synthesizes acetylcholine. All the CT-␤-labeled rNA cells expressed ChAT, confirming that CT-␤-labeled AVPNs are cholinergic in nature (Fig. 3) .
Finally, we sought to determine whether age-dependent changes in efferent innervation of the airways from the brainstem are also seen in the afferent innervation of the respiratory reflex pathway to the NTS. We used confocal microscope sections of the tissues at 4-m intervals to determine the total relative number of "puncta" or OD per cubic micrometer within the NTS subnuclei. We analyzed the density of anterogradely-labeled CT-␤ afferent fiber projection to the NTS at 7 and 14 d. We chose these two critical time frames based on our initial labeling study with the efferent projection to the airways where the data showed significantly higher CT-␤-labeled cells in the AVPNs between the 7-and 14-d-old ferret groups. Our data showed afferent labeling in the ventrolateral and commissural subnuclei of the NTS. The density of CT-␤-labeled afferent fibers was much higher at the younger age. (Fig. 4) .
DISCUSSION
This study was designed to determine whether there is a maturational difference in the number of efferent AVPNs projecting from the rNA to the lungs and whether this change is also observed in the density of afferent fibers projecting from the lungs to the NTS in a ferret model. Using CT-␤ as a retrograde tracer, we were able to identify the vagal preganglionic neurons projecting to the airways. We chose 7-, 14-, and 21-and 42-d-old ferret pups to study age-dependent changes in airway projection. We found that when animals were injected intrapulmonary with 50 L CT-␤, the number of CT-␤-labeled cells is significantly higher in the 7-d-old group when compared with the older groups. Between 7 and 14 d, the number of labeled cells in the 14-d-old group is significantly diminished. When a second group of animals was injected at 7 d with half of the original dose of CT-␤ to match the CT-␤ dose/body weight, there was no significant difference in the CT-␤-labeled cell count between the 7-d-old groups injected with either 50 or 25 L of CT-␤, indicating that the higher number of CT-␤-labeled cells is not related to a higher dose/body weight. Regardless of the CT-␤ dose injected at 7 d, the number of CT-␤-labeled cells was significantly higher than at later ages. These findings strongly suggest that the number of efferent AVPNs is higher at a younger age and diminishes with maturation.
In the adult ferret, AVPNs projecting to the airways were found from 0.0 to 3.5 mm rostral to the obex with the predominance of the labeling at 3.5 mm (11) . In this study, we also quantified the number of cells seen at different brainstem levels to determine whether the maturational changes we observed were specific to a given area within the brainstem or more ubiquitous. Regardless of age group, the ferret pups showed the densest projection to the airways at 3.5 mm rostral to the obex. Furthermore, we determined that AVPNs that project to the airways were cholinergic in nature by double immunolabeling with ChAT. This suggests that after their activation AVPNs release acetylcholine in the intrinsic ganglia and thereby regulate airway smooth muscle tone (17) .
We also characterized the OD of afferent fibers projecting to the NTS. NTS subnuclei are involved in tracheobronchial and respiratory reflexes as they receive information from airway receptors such as pulmonary C-fibers, rapidly adapting, and slowly adapting receptors. Our study showed afferent labeling in the ventrolateral and commissural subnuclei of the NTS, the primary sensory afferent relay center in the brainstem. The density of CT-␤-labeled fibers in the 7-d-old ferret pups was higher than in the 14-d-old ferret group. This suggests that similar maturational changes occur in both afferent innervation to the NTS and efferent AVPN projection to the airways.
Our observation of a decline in efferent cell bodies and afferent fibers is consistent with prior observations of neuronal death accompanying normal development in the CNS (29) . These studies described programmed cell death in areas such as the developing trigeminal system, olivocerebral system, cochlear nucleus, and other areas (29 -32) . To our knowledge, there are no studies related to the evolution of programmed cell death for AVPNs in the rNA, which is part of the central airway reflex pathway. Our findings of a decrease in the number of AVPNs (in addition to the decrease in fiber density) support a role for developmental remodeling of neural circuits involved in autonomic control of airway caliber. Although experiments determining programmed cell death would have substantiated our hypothesis, it was beyond the scope of this project. Further studies using techniques such as TUNEL testing and caspace-3 staining in this or comparable immature animal models are needed to support a role for apoptosis in the developmental remodeling we proposed.
Murphy et al. (33) examined the role maturation serves in airway contractile responses in swine. They found an increase in force generation as well as sensitivity to vagal stimulation in the younger animals, and they suggested that a decrease in contractile response in older animals could be related to parasympathetic neural function and maturation in the activity of acetylcholinesterase. These studies are, however, related to alteration in receptor/transductional changes associated with acetylcholine muscarinic receptor responses. In our study, we have shown that there is also a neuroanatomical change during maturation. The present results showing a higher density of fibers coupled with greater number of cells during early life contrasts with the relatively weak airway smooth muscle contractile response as previously demonstrated at that age (22) . We speculate that up-regulation of inhibitory GABAergic interneurons and/or other inhibitory inputs to the common efferent pathway contribute to immature reflex responses in young animals in the face of an intact neuroanatomic reflex pathway. Furthermore, peripheral relaxant responses such as those mediated by prostaglandins may also contribute to relaxation in young animals (34) in response to a strong cholinergic efferent output from the brainstem.
Interspecies differences also complicate the comparison of physiologic and neuroanatomic findings. Ferret airway smooth muscle neurobiology and neural circuitry including the cholinergic system is similar to humans and thereby serves as a good model to study airway control (35) . Furthermore, ferrets have been successfully used to study human viral disease affecting the respiratory system (25) . We have recently shown that allergen exposure and repeated challenges, presumably causing lung inflammation in the adult ferret, diminish central inhibitory noradrenergic modulation of AVPNs partly via down-regulation of ␣2A-adrenergic receptors expressed by the AVPNs (36) .
There are a few limitations to the methods that we have used in our study. CT-␤ was used as a retrograde transganglionic tracer and experienced personnel injected CT-␤ into the lungs; however, we cannot rule out differences in the exact location of CT-␤ injection within the lung and the effect that this may have on distribution of the labeled cells within the brainstem. It is possible that in the present study, not all vagal preganglionic neurons that innervate the airway system could be labeled and therefore the number of cells reported reflects the labeled AVPNs rather than the actual number of AVPNs that innervate the airways. These results are consistent with previous experiments conducted in adult ferrets in our laboratory (14, 19) . One must also be cautious when interpreting the distribution of afferent terminations in the NTS. Our confocal microscopy results did not differentiate between synaptic contacts and fibers of passage within the NTS. We used a design that allows morphometric quantification of these structures within the NTS subnuclei while avoiding double counting. Finally, the ferret pup is a useful but fragile animal model for studying airway innervation and our statistical analyses in the older age groups are somewhat limited by small number of animals.
Our data in the immature ferret indicate that neural innervation undergoes maturational change in the second week of life, which constitutes a normal maturational phenomenon. Increased density of both afferent and efferent pathways controlling the airways in early life may enhance the vulnerability of infants to activation of respiratory reflexes. We speculate that exposure to injurious chemical or mechanical stimulation such as exposure to high inhaled oxygen, mechanical injury during intubation, or nicotine inhalation in early life may inhibit the natural remodeling we have observed and even change the phenotype resulting in predisposition to airway hyperreactivity later in life.
